Introduction
Human fibroblast cells in culture accumulate glycogen when glucose is available in the medium [1, 5, 17] . In the preceding paper [7] we reported that glycogen disappears in a predictable way after glucose starvation of normal cells or cells from patients witli some glycogen storage diseases. The present studies are concerned primarily with glycogen reaccumulation in glycogen-depleted cells. We examined the effect of serum, insulin, and cytochalasin B on glycogen resynthesis.
Materials and Methods

Preparation of Glycogen-depleled Cell Cultures
Cells from a variety of human fibroblast cell lines in the period of regular cell multiplication were passaged at weekly intervals [12] in glass milk dilution bottles with medium containing Eagle's minimal essential components plus 10% fetal calf serum (v/v) until the time of the experiment. None of these cells were derived from patients with glycogenoses. For the experiments described in Figures 2-6 , the cells were maintained on glucose-containing medium until day 10 of the subculture, and then incubated until day 13 on medium without glucose. Glucose starvation was done in the presence of serum (Figs. 2, 3, 5, 6) and in both presence and absence of serum ( Influence of glucose concentration in the medium on the metabolism of glycogen. Replicate cultures (grown in milk dilution bottles) of a control cell line were incubated for 1 week in standard medium conditions and then divided into three groups. Each group of cultures was placed in a medium with one of three different glucose concentrations: 19 mg/100 ml (glucose contributed by the serum (O O))> ^ mg/100 ml (X X), and 254 mg/100 ml (• •). Initial lactate concentrations (21-25 mg/100 ml), similar in the three groups, reflected lactate present in the serum. Cells were harvested from each group 1, 4, 7, 11, and 14 days later and the following measurements were obtained: medium glucose, medium lactate, cell count, total cell protein, cell glycogen. The cells on low glucose did not survive until the 7th day, so data were only available for days 1 and 4. Effect of medium components and insulin on glycogen reaccumulation after depletion by glucose starvation. Cells from eight different cell lines were glucose-fed until day 10, then glucose-starved until day 13 (see Materials and Methods). The cultures were divided into four groups treated as follows: (I) no glucose (day 14): cultures were continued on the same glucosefree medium added on day 10; (2) glucose only: medium was not replaced but concentrated glucose was added to final medium glucose concentration of 100 mg/100 ml (w/v) without significant change in volume; (5) glucose + insulin: scrum-free medium containing glucose, 100 mg/100 ml, and insulin, 4 mg/100 ml; (4) complete medium: medium replaced with standard growth medium. The cells were harvested 24 hr later and glycogen content was measured. Due to the variability of absolute glycogen concentration in different cell lines, the data for each experiment were expressed as percentage of the glycogen concentration present in the cells on complete medium (i.e., complete medium = 100%).
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concentration of the cells was minimal at this point [7] Glycogen concentration was measured on supernatants of cell lysates by the method described in the preceding paper [7] . Protein concentration was determined in the supernatants by the method of Lowry et al. [16] .
For the data in Figure 1 , glycogen concentrations were referred to protein determinations in whole cell samples rather than in supernatants of lysed cells. Insulin, bovine crystalline [21] , was added to the medium to the concentration indicated for each experiment. Cytochalasin B [22] was dissolved in dimethyl sulfoxide (1 mg/ml) and stored at -35°. The concentration used in all experiments was 1 jug/ml medium.
Results
Influence of Glucose Concentration in Medium on
Metabolism of Glycogen (Fig. 1 ) Increasing the glucose in the medium from the usual concentration of 100 mg/100 ml to 200 or 300 mg/100 ml did not significantly enhance the amount of glycogen stored by the cells. Glycogen stores were maintained until glucose was essentially undetectable in the medium, then the polysaccharide began to decrease. As glucose disappeared, lactate accumulated in the medium; once glucose was exhausted and cell glycogen markedly depleted, lactate concentration decreased in the medium.
Factors Affecting Reaccurnulalion of Glycogen after Glucose Starvation: Effects of Serum and Insulin (Fig. 2)
After glycogen was depleted by glucose starvation, if glucose was again added to the medium, cells rapidly resynthesized the polysaccharide. The simple addition of glucose to glycogen-depleted cells caused a fourfold increase in the concentration of the polysaccharide in 24 hr. Addition of complete medium which contained the same amount of glucose induced an almost 10-fold increase of glycogen concentration. The elimination of either the amino acids or vitamins, or both, from the medium did not abolish the stimulating effect of otherwise complete medium on glycogen synthesis. The enhancement appeared to be due to the serum component. Serum dialyzed for 36 hr against 0.15 M NaCl was similar to nondialyzed serum.
Of many components of serum, insulin seemed most likely to be responsible. The effect of insulin (4 mg/ 100 ml) in serum-free medium on glycogen resynthesis was similar to serum ( Fig. 2) . There was remarkable similarity in the proportionate response of the eight lines studied. Glycogen accumulations, expressed as mean percentage (± SD) of glycogen in cells incubated with complete medium, were: no glucose, day 13, 12 ± 3.2; no glucose, day 14, 10.2 ± 3.1; glucose only, 44.8 ± 4.8; glucose + insulin, 109 ± 11.
Effect of Insulin Concentration on Glycogen Reaccumulalion (Fig. 3)
Only a doubling of glycogen content was achieved by increasing the insulin concentration from 4 X 10^4 to 4 mg/100 ml. The glycogen level produced by 4 mg/100 ml insulin appeared to be maximal, since 40 mg/100 ml insulin did not further stimulate glycogen deposition.
Effect of Serum in Glycogen-depleting Medium on
Subsequent Insulin Responses (Fig. 4) Because there was no significant difference in glycogen synthesis by cells incubated with the lowest concentration of insulin (4 x 10~4 mg/100 ml) plus glucose or with glucose alone, we considered the possibility that there was a residual effect on the control cells of the serum present during glucose starvation.
To check this possibility, two groups of cultures were grown on regular medium for 10 days. Then, for 3 days, one group was kept in serum-containing medium without glucose, the other group was maintained in serum-free medium without glucose. The effects of adding glucose, glucose plus serum, and glucose plus insulin (4 mg/100 ml) were then tested. In two experiments, glucose alone had much less effect on glycogen synthesis in cells previously deprived of both glucose and serum than in those deprived of glucose only. Insulin strongly stimulated glycogen synthesis in both groups. Serum restored glycogen when added after glucose deprivation only, and had even more pronounced effects on cells deprived of both glucose and serum. The effects were similar whether glycogen concentration was expressed per 10° cells or per unit of protein, and therefore was not related to decreased protein content in these cells. 
Effects of Insulin and Serum on Rate of Glycogen Reaccumulation (Fig. 5)
The rate of glycogen resynthesis after depletion was studied in serum-containing medium and in serum-free medium which contained insulin. In both conditions, glycogen deposition was rapid in the first 4 hr, then slowed, and was virtually arrested by 14 hr. (Fig. 6 ) When cytochalasin B was added to the culture medium (1 nig/ml), there was marked inhibition of glycogen deposition, whether the repletion medium contained glucose alone (88% inhibition), glucose plus serum (78%), or glucose plus insulin (72%).
Effect of Cytochalasin B on Glycogen Reaccumulation
Discussion
These studies demonstrate that cells cultured from human skin biopsies store glycogen in substantial amount when sufficient glucose is available in the medium of culture. Glycogen is utilized by the cells when glucose is removed from the medium or its concentration has dropped to minimal levels by metabolism. This glycogen utilization permits the temporary survival of cells in the absence of a hexose source in the medium. Although these cells utilize the lactate that has accumulated in the medium, lactate appears to be an inadequate substitute for glucose; cell disintegration occurs in close temporal association with glycogen depletion, even when there is still considerable lactate in the medium. Thus, glycogen appears to be an important source of cell nutrition when glucose is absent from the medium.
The glycogen content of rapidly dividing human fibroblast cells was less than that of cultured cells in the slowed multiplication phase that occurs after cells have reached confluent density on their growing surface. Presumably, rapidly dividing cells utilize glucose in the medium as the substrate for macromolecular synthesis and the energy required for this synthesis, with less glucose available for glycogen storage. Slowly dividing cells were used in these studies of glycogen depletion and repletion; on repletion, cells attained the higher concentrations of glycogen found in slowly dividing cells.
The amount of continuing cell multiplication that occurs in human diploid fibroblast cells in culture varied from cell line to cell line, particularly after a cell line had been serially subcultured on multiple occa-sions. We suspect that the observed variation in glycogen content between cell lines is due to these differences in postconfluent cell multiplication.
Glucose, however, was not the only requirement for the resynthesis of glycogen when cells were starved of glucose and allowed to become depleted of glycogen. When only glucose was added, the amount of glycogen synthesized in the next 24 hr was less than half of the amount synthesized by cells on fresh complete medium that included glucose. The effect of glucose alone was even smaller when, to minimize the effect of residual serum factors, both glucose and serum were deleted from the medium for 3 days preceding the addition of the different experimental media. A serum factor, or factors, therefore, appears to be necessary for maximal glycogen deposition. Insulin might be one such factor; when the hormone and glucose were added to glycogen-depleted cells, maximal glycogen accumulation occurred.
Insulin may not be the only serum factor, however, because cells depleted of glycogen by omitting both glucose and serum from the medium did not restore glycogen content as well with insulin and glucose as with serum and glucose. This, and the smaller effect of the addition of glucose alone under these conditions, indicate that cells depleted of glycogen by deletion of glucose only probably have residual serum factors adsorbed on their membranes.
Evidence for insulin receptors in cells similar to those used in these experiments has been reported [9] ; such receptors, at least in cultured human lymphocytes, are released from the cell surface by incubation in serum-free medium [8] .
Insulin probably enhances glycogen deposition in cultured fibroblasts by facilitation of glucose entry into cells. Griffiths [10] observed that insulin increased the uptake of labeled glucose by cells of the diploid strain (WI-38) [10] . In his studies, the effect of insulin was greater on glucose-starved cells.
The concentration of insulin required to obtain the effect in the experiments of this report are excessive when the amount of insulin in serum is considered. However, in other cell studies of insulin effects, doses of insulin which were apparently pharmacologic were also required [9-11, 13, 19] .
In muscle, stimulation of glycogen deposition by insulin is due to both increased entry of glucose and a shift of glucose metabolism toward glycogen synthesis through activation of glycogen synthetase [14, 15] . Insulin also stimulates glucose transport in human diploid cells, but, in contrast to muscle, it also enhances glucose utilization and lactate production via glycolysis [10] . There is no published information concerning the characteristics of glycogen synthetase of human fibroblasts. Results in our laboratory indicate that only the glucose 6-phosphate-dependent form of the enzyme is detectable, and we are unable to detect the systems required for the interconversion of the glucose 6-phosphate-dependent and glucose 6-phosphate-independent forms of syntlietase [4] . The presence of "serum factors" in the medium appears to be even more important in the culture of more differentiated tissues, such as skeletal muscle. De La Haba et al. [2, 3] described two serum factors required for the complete differentiation of muscle tissue in culture. One, identified as insulin, was needed for the fusion of myoblasts into myotubes. The other, unidentified, was required for differentiation to cross-striated, spontaneously contracting fibers and also promoted the appearance of glycogen synthetase.
Cytochalasin B markedly inhibited glycogen deposition in fibroblasts. Sanger and Holtzer [18] found that cytochalasin B, in a variety of cell cultures, strongly and rapidly depressed synthesis of mucopolysaccharides and glycoproteins. They suggested that alterations of the cell surface affected cell mobility, cell adhesion, and cell sorting-out. An alteration of the cell membrane may also alter the stereospecific sites presumed to be involved in glucose transport [20] . The moderate protective effect of insulin on the action of cytochalasin B suggests competition for these sites. Because the specific effects of cytochalasin B are not known, inhibition of glycogen synthesis by different mechanisms cannot be excluded. We found no inhibition of glycogen synthetase activity in cells incubated with the drug. Furthermore, there was no inhibition of synthetase activity when cytochalasin B was added directly to the assay system [4] .
Summary
The tlynamics of glycogen can be studied in cultures of human skin fibroblasts. Factors that influence glycogen concentration include: stage of cell multiplication, glucose concentration in the medium, and serum factor or factors. Glycogen-depleted cells resynthesize glycogen to maximal levels in 14 hr; either serum or insulin is needed for this resynthesis. However, the concentration of insulin required under the conditions of these experiments is nonphysiologic. Cytochalasin B, as might be predicted from its role in blocking glucose transport, inhibits glycogen resynthesis.
